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Abstract 
Through a systematic study of microgrooved brass surfaces, the effect of parallel, periodic microgroove geometry on the 
wettability is examined experimentally and compared to that of flat surfaces, where the drop size is comparable to the groove 
dimensions.A total of 18 brass samples are fabricated by micromachining without any chemical modification of the surface The 
substrates have groove depths in the range of 26 to 122 μm, groove widths of 27 to 187 μm, and are about 45 mm x 45 mm in 
size, with a thickness about 3 mm.A high degree of wetting anisotropy is observed on most of the microgrooved surfaces. A 
significantly higher value of static contact angle (SCA) in the orthogonal direction (across the grooves) of the grooves is 
observed on the microgrooved surfaces compared to the contact angle on the flat baseline surfaces which are hydrophilic in 
nature.The contact angle also shows a significant dependence on droplet volume. The observed wetting behavior is attributed to 
the manner in which droplets rest on these surfaces, contact line pinning by the groove edges and texture and local variation of 
roughness of the micromachined brass surfaces. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1.  Introduction 
Anisotropic wetting refers to the preferential spreading of liquid drop in certain direction(s) on a surface. Surfaces 
with directional wetting properties that promote liquid drainage are of significant practical importance in many 
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fields, especially in self-cleaning, drag reduction, air cooling application etc.The wetting behavior of a surface is 
generally modified by any the following three methods - changing the topography, modification of the surface 
chemistry or a combination of these two [1-6]. Wetting characteristics of microgrooved surfaces have been studied 
widely because of the possibility of attaining high contact low sliding angles and enhanced liquid drainage [1-8]. 
Depending on the way a droplet rests on a rough hydrophobic surface, two idealized wetting modes are usually 
considered. When the drop rests on the top of the surface asperities in a manner such that it does not have any 
contact with the base of the asperities and there is an air pocket present below the liquid droplet [Figure 1(a)], the 
wetting mode is called Cassie-Baxter (CB) wetting [9]. The other wetting mode is called the Wenzel wetting mode 
[10] in which the liquid droplet sinks down the surface asperities and reaches the bottom surface [Figure 1(b)].  
Studies on the wettability of microstructured surfaces, both analytical and experimental, were found focusing 
mostly on the chemically patterned surfaces. That liquid can drain more easily from microgrooved surfaces (with 
grooves aligned in the direction of sliding) than surfaces with micropillars has been reported by Yoshimitsuet al. [1]. 
Morita et al. [2] studied the wetting behavior on micropatternedfluoroalkysilane surfaces with alternating 
hydrophilic-hydrophobic area and suggested that the observed strong wetting anisotropy was due to the difference in 
the energy barrier to wetting. Study of wettability on microstructured surface with drop size comparable to the size 
of the microstructure has been conducted by several authors [7-8, 11]. Wettability study with droplet size 
comparable to the feature size is of importance because this situation occurs during the condensation and 
evaporation process on these surfaces [12-13]. The liquid drop volume dependence of the contact angle on 
micropatterned surfaces has also been reported by many researchers. 
As demonstrated by the above review, a significant amount of work has been conducted on the fabrication and 
characterization of hydrophobic surfaces and to understand the mechanism of anisotropic wetting. However, the 
majority of these studies are directed towards chemically patterned surfaces. In this study, a systematic experimental 
approach on the effect of parallel, periodic microgroove geometry on the wettability for a wide range of 
microgroove dimension and a large sample space is undertaken.The mechanism and the magnitude of the droplet 
elongation and the effect of the liquid drop size on the wetting behavior are also studied. 
 
 
 
          (a)                                              (b)     (c) 
Fig. 1. Droplets in the a) Cassie and b) Wenzel wetting mode on surfaces with periodic microgrooves, and c) 3D screenshot of the microgroove 
geometry from optical profilometer. 
2. Experiments 
Microlution 310-Smicro-end-milling machine, suitable for fabricating small, high precision parts, was used to 
fabricate the microgrooved samples. Brass alloy 360 was selected as the sample material.This particular alloy of 
brass was chosen because of its good mechanical properties, and especially for its high machinability to mitigate 
burr formation. Cutting tools of three different diameters, 75, 100 and 125 μm were used to fabricate the parallel 
grooves over the length of the sample. The spindle speed and feed rate for the groove cutting operation was fixed at 
50000 rpm and 400 mm/min, respectively. Image of a microgrooved sample surface under the optical profilometer is 
shown in Fig. 1(c). Details of the fabrication method are given elsewhere [6]. 
Dimensions of the groove geometry parameters were measured using both an Alpha-Step IQ profilometer and 
an optical profiler (Veeco NT1000). The maximum uncertainty in the reported groove measurements was about 
±3μm. Two flat baseline surfaces with different surface roughness, polished and raw, were used along with 
themicrogrooved samples. The polished baseline had an average surface roughness (Ra) value of about 20 nm, 
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whilethe raw baseline had a Ra value of 100 nm.A summary of the topographical data of all the microgrooved 
and2flat baseline brass samples is given in Table 1. The microgrooved samples are designated as - DGxWPyWGz; 
where DG, WP and WG stand for the groove depth, pillar width and groove width, respectively, and the superscripts 
x, y and z represent the numerical values of these parameters in microns. 
Static contact angles (SCA) were measured at different positions on these surfaces by the sessile drop method. 
The contact angles were measured by using a CAM200 (KSV Instruments) optical goniometer. All the contact angle 
measurements were carried out inside a class-100 cleanroom facility and for water droplet volume of about 10 μL. 
The size of the droplet was less than the size of 10 characteristic roughness length scales in most cases. The contact 
angle measurements were carried out at least 5 times on each sample at different locations of the sample surface. 
The uncertainty in the measurement of static contact angle was less than ±40. 
 
Table 1.Topographical data of the microgrooved and flat baseline brass surfaces. The notations SP and SD refer to ‘same pitch’ and ‘same depth’, 
respectively. 
 
Series Sample 
Groove depth, 
DG (μm) 
Pillar width, 
WP (μm) 
Groove width, 
WG (μm) 
Aspect ratio 
(DG/ WG) 
 
SP-A 
DG27WP110WG130 
DG36WP110WG130 
DG67WP110WG130 
DG98WP110WG130 
DG122WP110WG130 
27 
36 
67 
98 
122 
110 130 
0.21 
0.28 
0.53 
0.75 
0.94 
SP-B 
DG33WP95WG105 
DG73WP87WG105 
DG40WP65WG90 
DG80WP65WG105 
33 
73 
40 
80 
95 
87 
65 
65 
105 
105 
90 
105 
0.31 
0.70 
0.44 
0.76 
SP-C 
DG36WP68WG130 
DG94WP68WG130 
36 
94 
68 130 
0.28 
0.72 
SD 
DG67WP26WG130 
DG67WP29WG130 
DG67WP41WG130 
DG67WP77WG130 
DG67WP80WG130 
DG67WP84WG130 
DG67WP110WG130 
DG67WP187WG130 
67 
 
26 
29 
41 
77 
80 
84 
110 
187 
130 
 
0.52 
 
 
PBL 
RBL 
Polished Baseline (Ra ≈20 nm) 
Raw Baseline (Ra ≈ 100 nm) 
 
3. Results and Discussion 
3.1 Wettability data  
The effects of microgroove geometry, such as the groove depth and spacing between the grooves, on the 
wetting anisotropy for liquid droplets comparable to the size of the grooves have been experimentally examined. A 
high degree of wetting anisotropy was observed on most of the microgrooved surfaces. A higher value of SCA was 
observed on these samples when measured orthogonal to the grooves, compared to the same on the flat baseline 
surfaceswhich were hydrophilic in nature. The SCA values on the polished and raw baselines were 670 and 680, 
respectively. Contact angle on the microgrooved samples, when measured in the orthogonal direction to the grooves, 
on the other hand, was in the range of 125o to as high as 149oand were about 60oto 80o higher than that on the flat 
baseline surfaces. Contact angles measured in the parallel direction of the grooves (along the grooves) on these 
surfaces were always found to be lower than that in the orthogonal direction and in most cases, were higher than the 
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intrinsic contact angle on the flat baseline surfaces and were in the range of 75o to 138o. 
However, the contact angles in the parallel direction of the grooves on 3 microgrooved samples, with contact 
angles in the range of 27o to 63o, were found to be lower than that on the flat baseline surfaces. The wetting state of 
water droplets in these cases was Wenzel. The smallest value of SCA in the parallel direction was 27o on sample 
DG122WP110WG130, the sample with the maximum groove depth of 122 μm among all the microgrooved samples. 
Contact angle anisotropy in this case was about 105o, which was the highest value of contact angle anisotropy 
observed in this study. This lower value of the contact angle in the parallel direction of the grooves compared to the 
flat baseline value, as exhibited by 3 microgrooved samples in the present study, was different from the contact 
angle results reported in several similar studies with droplet size comparable to the groove dimension [3, 7-8]. 
Authors of these earlier studies reported contact angle in the parallel direction of the grooves to have a value very 
close to (droplets were in a Wenzel state) or slightly higher (droplets were in a Cassie state) than the intrinsic contact 
angle on the flat baseline surfaces.  
The spreading and consequent highly elongated shapes of water droplets in a Wenzel state along the 
micromachined groove surface have played an important role in exhibiting this low contact angle in the parallel 
direction to grooves. Significant wetting and spreading of liquid along machined grooves of different metal surfaces 
were also reported by Oliver et al. [14]. The relatively large dimensions of the microgroove structures used in this 
study might have also affected this particular contact angle behavior. The surfaces showing this behavior had either 
very deep grooves (DG122WP110WG130and DG80WP65WG105) or very narrow pillars (DG67WP26WG130). When water 
droplet was placed on them, it rested on very few pillars (4-6) and then filled in the groove surface, spreading 
considerably along the grooves to form a highly elongated droplet and thus exhibiting a low SCA value in the 
parallel direction. The ratio of the amount of liquid filling in the grooves to the total volume of the droplet was not 
negligible for these surfaces. Similar consequence of the large size of the structure (micropillars and microposts) 
was reported by Joppet al. [11], who also used a droplet size of 10 μL. 
3.2 Effect of drop volume 
These observed differences in the shape and elongation of the water droplets on different microgrooved surfaces 
and consequent variation in the SCA values were quantitatively investigated by measuring the drop length at the 
base of the droplet in both directions for a range of droplet volume. The lengths at droplet base, when viewed from 
parallel and orthogonal direction, are denoted as ‘Y’ and ‘X’, respectively. Their ratio, the droplet elongation ratio, is 
then defined as ‘R’= Y/X. The height of the droplets, measured from the base of pillars is denoted as ‘h’. 
The variation of the droplet elongation ratio with droplet volume for four microgrooved samples, two of which 
exhibited a Cassie wetting and other two a Wenzel wetting state (indicated by filled data points on the plot), is 
shown in Fig. 2 (a). The ratio of elongation of water droplets on each of these surfaces was found to remain nearly 
constant with a change in the droplet volume. The values of R were about 3.5 and 6.0 for the two samples which 
exhibited Wenzel wetting (DG122WP110WG130 and DG67WP26WG130). These high values of R agree well with the very 
low values of contact angles obtained for these surfaces in the parallel direction (63o and 53o, respectively). In this 
case, water droplets sank down the pillars, filled and spread along the grooves, and as a result, causing these droplets 
to have a low SCA value in the parallel direction of the grooves. On the other hand, the value of R was about 1.5 for 
sample DG67WP84WG130, which exhibited an elliptical shape for the Cassie droplets. Droplets on sample 
DG67WP41WG130 had a R value of 1.05-1.20, which means that they were of nearly circular shape and therefore 
showed a higher SCA in both parallel and orthogonal directions (138o and142o, respectively) than sample 
DG67WP84WG130 (128o and 140o, respectively). 
The height of water droplets on these samples (measured from the top of the pillars) as a function of the droplet 
volume is plotted for the same 4 samples in Fig. 2(b). The height of the Cassie droplets was nearly 1.5-1.8 times 
higher in magnitude than the droplets of same size in a Wenzel state. The height of the droplets in a Cassie wetting 
was found to increase with an increase in the droplet volume. Wenzel water droplets, on the other hand, had a lower 
average height on both the surfaces and the droplet height was found to be nearly constant with the change in droplet 
volume. Thus, further addition of liquid into the Wenzel droplet went into elongating the droplet along the grooves, 
rather than increasing the droplet height. 
In order to understand the effects of droplet volume on the wetting, SCA were measured on four microgrooved 
brass samples for a range of water droplet volume of 3 μL to 10 μL. Only the samples exhibiting a Cassie wetting 
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regime were used for this part of the study. The results are shown in Fig. 3. For the clarity of presentation, the results 
are reported here for two microgrooved samples. Similar results were obtained for the other samples, too.  
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Fig. 2.Comparison of the a) amount of elongation and b) height of water droplets of different volumes on four microgrooved samples. The filled 
data points indicate a Wenzel state of wetting. 
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Fig. 3.Effect of droplet volume on static contact angle for 2 microgrooved samples exhibiting a Cassie wetting mode, measured in the parallel and 
orthogonal directions to the grooves. 
 
Within the range of droplet volume used, SCA in the orthogonal direction of the groove was found to increase 
slightly with an increase in the droplet volume. Contact angle increased from about 140o to 145o for sample 
DG67WP84WG130 and from 138o to 147o for sample DG33WP95WG105 as the droplet volume was increased from 3 μL to 
10 μL. However, although there was some scatter in the SCA, no significant trend was noticedin the parallel 
direction. These findings closely agree with the results reported on surfaces with parallel microgrooves by these 
authors [3, 8]. 
The increase in the contact angle with droplet size might result due to the line tension of the three-phase contact 
line. Line tension is a 1-D analogue of the surface tension, which is defined as the free energy per unit length of the 
three-phase contact line and it arises due to the imbalance of the intermolecular forces around the three-phase 
confluence. The line tension works along the three-phase contact line and has been cited as the reason for the 
dependence of the contact angle on droplet size [15-17]. In this study, the increase of contact angle in the orthogonal 
direction of the grooves is calculated to be about 5o and 0.6o for an increase in droplet size from 3 μL to 10 μL, if a 
line tension value of 10-5 and 10-6 J/m is used, respectively (assuming spherical droplet). 
3.3 Effect of microgroove geometry 
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The variation of SCA with groove geometry such as groove width, groove depth and pillar width was 
investigated to identify their effect on wetting behavior. The variation of static contact angle with groove depth is 
shown in Fig. 4, where the filled data points indicate a Wenzel state of wetting. For microgrooved samples having a 
low aspect ratio (≤ 0.22), the dispensed water droplets intruded into the grooves as the pillars were not tall enough to 
hold the droplet (as in the case of sample DG27WP110WG130). These findings are in line with the studies of evaporating 
water droplets from micro-structured surfaces [12-13], where for shorter posts, the curvature of the droplet increased 
with a reduction in the droplet volume, resulting in the collapse of the droplet into the grooves to cause a transition 
to a Wenzel wetting state.  
Droplets were in a Cassie mode on microgrooved surfaces with aspect ratio in the range of 0.28≤ AR ≤0.75, and 
these surfaces exhibited similar high values of contact angle.This is because as the groove aspect ratio was 
increased, the taller structures were able to prevent the collapse of the droplets into grooves, and the wetting mode 
was Cassie. Similar results were reported by other authors for surfaces with micropillars or microposts of different 
shapes [1] and the results are also in agreement with the model proposed by Johnson and Dettre [18] for a sinusoidal 
hydrophobic surface.  
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Fig. 4.Variation of static contact angle with aspect ratio for two sample series in the a) parallel and b) orthogonal directions of the grooves. The 
filled data points (■ and ●) indicate a Wenzel mode of wetting. 
 
However, in this study, static contact angle in both directions was found to decrease again with a further 
increase in the aspect ratio, and wetting state transitioned from Cassie to Wenzel for the deepest grooved surfaces of 
sample series SP-A and SP-B (having aspect ratios of 0.76 and 0.94, respectively). This transition of wetting state 
from Cassie-Baxter to Wenzel for the deepest grooves was different from both experimental and predicted behavior 
reported in the literature. The shape of the edge of the pillars of these surfaces plays an important role in the 
exhibited behavior as it is well-known that the shape and slope of the asperity edge can significantly influence the 
motion of the three-phase contact line and the ability of a rough surface to suspend a droplet in a Cassie state. We 
have given a detailed physical explanation of similar findings elsewhere [6].  
       The variation of SCA with pillar width was also investigated for microgroovedsamples which had a fixed 
groove depth and width of 67 μm and 130 μm, respectively, while the pillar width was varied from 26 μm to 187 
μm. Water droplets were in a Wenzel state of wetting on sample DG67WP26WG130, which had a pillar width to groove 
width ratio (WP/WG) of 0.2 and exhibited the minimum value of SCA in the parallel direction. In this case, due to 
small pillar width and the large spacing between the pillars, intrusion of water into the grooves occurred in a similar 
manner as observed for the surface with very short pillars (sample DG27WP110WG130). The wetting state was Cassie at 
higher pillar width and the value of SCA in both directions to the grooves also increased. Therefore, tall 
microstructures, along with a reasonable value of pillar width to groove width ratio (with a value > 0.2, within the 
geometric space of our study) should be considered for designing a surface with parallel microgrooves, fabricated by 
topographic modification only.  
4. Conclusion 
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Although the effects of geometry of microstructures on the wettability have been studied extensively for 
surfaces with micropillars and microposts, there have been far fewer studies of microgrooved metal surfaces. The 
present study aimed at the quantification of the effects of the dimensional variation of microgroove geometry on the 
wettability and drop morphology on these surfaces. Brass surfaces with parallel microgrooves were fabricated using 
a micro end-milling process, by topographic modification and without any chemical treatment of the surface. A high 
degree of wetting anisotropy was observed on these microgroove surfaces due to the differential elongation of the 
water droplets on them. For both very small and high groove depths and also for very small pillar width, water 
droplets were found to sink down the pillars and spread along the grooves, forming highly elongated droplets and 
manifesting low contact angles in the parallel direction of the grooves. Static contact angles in the orthogonal 
direction exhibited significant droplet volume dependence and increased with an increasing droplet volume.  
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